There is increasing evidence that membrane transporters for glutamine and glutamate are involved in control of liver metabolism in health and disease. We therefore investigated the effects of three catabolic states [starvation (60 h), diabetes (4 days after streptozotocin treatment) and corticosteroid (8-day dexamethasone) treatment] associated with altered hepatic amino acid metabolism on the activity of glutamine and glutamate transporters in sinusoidal membrane vesicles from livers of treated rats. In control preparations, L-[14C]glutamine uptake was largely Na+-dependent, but L-[14C]glutamate uptake was largely Na+-independent. V..ax values for Na+-dependent uptake of glutamine and/or glutamate exceeded control values (by about 2-and 12-fold respectively) in liver membrane vesicles from starved (glutamine), diabetic (glutamate) or steroid-treated (glutamine and glutamate) rats. The Km values for Na+-dependent transport of glutamine or glutamate and the rates of their Na+-independent uptake were not significantly altered by any treatment. Na+-independent glutamate uptake appeared to include a dicarboxylate-exchange component. The patterns of inhibition of glutamine and glutamate uptake by other amino acids indicated that the apparent induction of Na+-dependent amino acid transport in catabolic states included increased functional expression of systems A, N (both for glutamine) and X-ag (for glutamate). The results demonstrate that conditions resulting in increased secretion of catabolic hormones (e.g. coricosteroid, glucagon) are associated with increased capacity for Na+-dependent transport of amino acids into liver cells from the blood. The modulation of hepatic permeability to glutamine and glutamate in these situations may control the availability of amino acids for intrahepatic metabolic processes such as ureagenesis, ammonia detoxification and gluconeogenesis.
INTRODUCTION
Glutamine and glutamate are important intermediary metabolites involved in ammonia detoxification (including ureagenesis), gluconeogenesis and acid-base balance, and the liver plays an important role in these processes; transport of these amino acids across the liver sinusoidal membrane is now recognized to be important in controlling hepatic nitrogen flux, e.g. glutamine for periportal ureagenesis and glutamate for perivenous glutamine synthesis (Haussinger, 1990) .
Glutamine is reported to be transported in the liver by Na+-dependent transport systems A and N (Kilberg et al., 1980; Low et al., 1991) and also by Na+-independent transport L (Low et al., 1991) . There is recent evidence indicating that the pattern of distribution of transporters on the sinusoidal face of the cells changes along the length of the sinusoid, i.e. from periportal to perivenous regions (Burger et al., 1989) . In particular, the uptake of glutamate (a precursor of glutamine synthesis) is much higher in perivenous than in periportal hepatocytes (Burger et al., 1989; Stoll & Haussinger, 1989 ). An Na+-dependent component of glutamate uptake across the liver cell membrane has been identified in isolated hepatocytes and in perfused-liver studies (Gebhardt & Mecke, 1983; Taylor & Rennie, 1987; Burger et al., 1989) and in isolated membrane vesicles (Sips et al., 1982; Ballatori et al., 1986) but there is no general agreement about how much of this transport activity (designated system X-or G by different authors) is localized in sinusoidal or bile-canalicular membranes.
Adaptive up-regulation of amino acid transport systems A and N occurs in cultured rat hepatocytes deprived of exogenous amino acids (Kelley & Potter, 1978; Kilberg et al., 1980; Gebhardt & Kleemann, 1987) . N-Methylaminoisobutyric acid (MeAIB), the paradigm substrate for system A, is neither a substrate nor an inhibitor of system N, but has been found to have a repressive effect on the stimulation of system N by deprivation of exogenous amino acids in cultured hepatocytes (Kelley & Potter, 1978; Handlogten et al., 1982) . There are conflicting reports as to the effects of starvation in vivo on hepatic amino acid transport activity (Pardridge, 1977; Hayes & McGivan, 1982) , and for this reason we have investigated the relative importance of systems A and N for liver glutamine transport in sinusoidal membrane vesicles isolated from 60 hstarved and post-absorptive control rats. Liver glutamine transport may also be modulated pathophysiologically. Glucagon and dexamethasone (a synthetic glucocorticoid) have additive stimulatory effects on the uptake of L-glutamine in cultured cells (Gebhardt & Kleemann, 1987) , indicating a likely effect of the counter-regulatory hormones in vivo. Nevertheless, induction of diabetes (with alloxan) did not significantly affect the rate of Lglutamine uptake into membrane vesicles isolated from rat liver (Jacob et al., 1986) , although the rate of alanine uptake (through systems A and/or ASC) was increased significantly (Rosenthal et al., 1985) . In the present study we have re-investigated the effect of diabetes on liver glutamine transport using streptozotocindiabetic rats.
In freshly cultured hepatocytes Na+-dependent glutamate transport appears to be expressed only in perivenous cells, but transporter induction by dexamethasone t To whom reprint requests should be addressed.
Vol. 284 pears to occur in both perivenous and periportal cells (Burger et al., 1989) . Insulin suppresses the induction of Na+-dependent glutamate transport by dexamethasone in cultured hepatocytes . We have therefore investigated the effects on liver glutamate transport of extremes of hormone secretion in vivo under physiological and pathophysiological circumstances (starvation and diabetes respectively).
Since increases in glucocorticoid concentrations are associated with many catabolic states, including starvation and diabetes (Martin, 1987) In the second study, one group of rats was given daily (for 8 days) subcutaneous injection of 0.44 mg of dexamethasone/kg rat (dexamethasone 21-acetate) in saline (controls received saline only). In the third study, rats were made diabetic by a single subcutaneous injection of streptozotocin (85 mg of streptozotocin/kg body wt.) in 0.05 M-citrate-buffered saline (pH 4.5) and were used 4 days later; during the first 24 h they were provided with 5% glucose in their drinking water (controls were given a citrate-buffered saline injection and were not provided with glucose in drinking water). Induction of diabetes was assessed by estimation of urinary pH, protein and glucose with BM-Test-5L strips (Boehringer-Mannheim). Rats in the second and third studies were not starved over the night before tissue removal. In a single experiment, one diabetic rat was treated with CC14 [2.5 ml/kg, 1: 1 (v/v) in olive oil, via an intragastric tube 20 h before study] to induce perivenous livercell necrosis (Haussinger & Gerok, 1983) .
Tissue and blood sampling Tissue was obtained from rats under terminal pentobarbitone anaesthesia [Sagatal (May and Baker); 60 mg/kg body wt. intraperitoneally]. Liver for membrane isolation was excised and transferred rapidly to 0.25 M-sucrose homogenization buffer (Low et al., 1991) for processing. Tissue samples for amino acid analysis were obtaied by freeze-clamping and stored in liquid nitrogen. Blood samples (0.2 ml) were obtained from the hepatic portal vein and the hepatic vein by using 23-gauge needles.
Preparation of liver sinusoidal membrane vesicles
Liver tissue was homogenized and fractionated by differential and discontinuous sucrose-density-gradient centrifugations to prepare purified sinusoidal and bile-canalicular membranes (obtained frolm26/34 % and 10/26 % sucrose interfaces respectively) as described previously (Low et al., 1991) . Membranes were resuspended in buffer (0.4 M-sucrose, 5 mm-MgCl2, 0.2 mMCaCl2, 5 mM-Tris, 10 mM-Hepes, pH 7.4) at 1 mg of membrane protein/ml.
Assessment of membrane purity
Protein was assayed by the bicinchoninic acid method (Smith et al., 1985) and membrane purity was assessed by assay of marker enzyme activities: Na+-K+-ATPase, 5'-nucleotidase and glucose-6-phosphatase activities were measured by standard methods as described previously (Ahmed et al., 1990) (Taylor et al., 1989) .
Data analysis
All measurements were performed in triplicate unless stated. Statistical analysis was performed by Student's unpaired t test.
Kinetic characteristics (Km, Vm.') of glutamine and glutamate transport processes were estimated from lines fitted by least squares to linear-transformed data (Hanes plot) by using commercial software on an Apple Ile microcomputer (Barlow, 1982) .
Results are presented as means + S.E.M. for the indicated number of vesicle preparations (n) (or number of rats for amino acid analysis).
RESULTS

Experimental treatments
The 60 h-starved rats lost 27.5 + 2.4 g ofweight from 228 + 3.2 g (i.e. -12 % weight loss). The final weight of control (overnightstarved) rats did not differ significantly from the initial weight.
In the dexamethasone study, control rats gained 14.5 + 1.0 g (n = 6) in weight over the 8-day period, whereas the dexamethasone-treated rats lost 16.5 + 1.2 g (n = 6) over the same period from 233.8+2.6g (n = 12) (i.e. 6.5% weight gain and 7.1 % weight loss in control and dexamethasone-treated rats respectively).
In the streptozotocin-diabetes study, control rats gained 6.7 + 1.2 g in weight over the 4-day period, whereas diabetic rats lost 13.5+ 1.6g (n = 6) over the same period from 238 +2.8 g (n = 12) (i.e. 2.8% weight gain and 5.7% weight loss in control and diabetic rats respectively). Streptozotocin-diabetes was confirmed in treated rats by positive tests for urinary glucose (> 55 mM), protein (> 1 g/l) and urinary acid (pH < 5).
Blood and liver concentrations of amino acids There was no significant change in the concentrations of glutamine, glutamate or total amino acids in the blood or liver after 60 h starvation (compared with post-absorptive controls; 1) but the total concentrations of amino acids in the blood and liver were unaltered from control values ( Table 1) .
Purity of liver membrane vesicles
There was no significant difference between the marker enzyme profiles of liver membranes isolated from 60 h-starved and control rats (Table 2) . Similarly, the marker enzyme profiles of membranes isolated from dexamethasone-or streptozotocintreated rat livers were not significantly different from those of respective control preparations for the major surface-membrane markers ( (Fig. 3) .
Kinetic and competition characteristics of L-glutamine and L-glutamate uptake into sinusoidal membrane vesicles L-Glutamine uptake into liver membrane vesicles included Na+-dependent and Na+-independent components. The system-A substrate MeAIB inhibited a small but significant component of Na+-dependent L-glutamine uptake in liver membrane vesicles in a concentration-dependent manner ( Fig. 4 ; Ki z 0.1 mmMeAIB); this transport component was largest in membrane vesicles isolated from starved or dexamethasone-treated rats (Table 3) . Na+-dependent uptake of MeAIB (0.1 mM) in liver membrane vesicles was strongly inhibited by glutamine or alanine at 1 mm (Table 4) . The mutual inhibition between Na+-dependent transport of glutamine and MeAIB indicates that the two amino acids share a common transport pathway in the liver membrane, presumably system A, as reported previously (Handlogten et al., 1982) for hepatocytes. In our experiments 1 mM-MeAIB is sufficient to produce maximum MeAIB inhibition of glutamine transport in liver membrane vesicles; therefore we have ascribed Na+-dependent glutamine uptake inhibited by 1 mM-MeAIB to system A and the balance to system N. L-Glutamine uptake was measured at various external Lglutamine concentrations in the presence of NaCI or choline chloride. In membrane vesicles isolated from 60 h-starved and dexamethasone-treated (but not streptozotocin-diabetic) rats, Na+-dependent L-glutamine uptake was increased compared with control values (Table 3, Fig. 5 ). The mean values for Na+-independent glutamine uptake after starvation or dexamethasone treatment were -50% higher than control values (Table 5 ), but the increases were not statistically significant.
Kinetic characteristics (i.e. Km and Vm.ax) for systems N and A were estimated from experimental data by using the Hanes plot (Table 6 ). The Km values of systems A and N did not appear to change significantly after any of the experimental treatments Table 6 ).
The equivalence of these Vmax values provides a further indication that glutamine is transported by a low-capacity (and highaffinity; Km < 0.02 mM-glutamine) system A transporter in rat liver. A system A transporter with similar affinity for amino acid substrates has also been identified in isolated hepatocytes (Handlogten et al., 1982) and in human liver membrane vesicles (Mailliard & Kilberg, 1990) .
Glutamate uptake in control liver membrane vesicle preparations was predominantly Na+-independent (Fig. 2a) . Na+-dependent uptake of glutamate (0.05 mM) was increased in liver membrane vesicles from dexamethasone-treated (Fig. 6 and the transport buffer contained L-["4C]glutamine, L-glutamine at the concentrations shown, 100 mM-NaCl and 1 mM-MeAIB. Uptake in the presence of 100 mM-choline chloride was deducted for each glutamine concentration; therefore transport data reflect system-N activity (i.e. Na+-dependent glutamine uptake not inhibited by MeAIB}. The line shown in the semi-logarithmic plot (b) dexamethasone-treated rats as compared with those from controls, with no significant change in transport Km (Table 7) . Similarly, in vesicles from streptozotocin-diabetic rat liver, transport Vmax was increased markedly (equivalent to a 14-fold induction of Na+-dependent glutamate transport), but the Km value was not affected significantly. Na+-independent Lglutamate uptake into membrane vesicles was unaltered by diabetes (0.1 mM-L-glutamate uptake of 0.054 + 0.010 and 0.058 + 0.008 nmol/min per mg of protein in control and diabetic respectively; n = 3 preparations each), dexamethasone treat- diabetic/CCl4-treated rats had similar marker enzyme profiles (results not shown), indicating that the experimental treatment had not caused significant damage to liver membranes. The induction of Na+-dependent glutamate transport seen in diabetic rat liver membrane was abolished by pre-treatment,with CC14 (Table 8) , a result which is consistent with previpus reports (Taylor & Rennie, 1987; Burger et al., 1989 ) that Na+-dependent glutamate transport is expressed largely in perivenous cells in rat liver.
Effect of amino acids and other carboxylates on L-glutamate uptake into sinusoidal membrane vesicles Na+-independent glutamate uptake (choline chloride medium) in liver membrane vesicles was saturable (-55 % inhibition of 0.05 mM-glutamate tracer uptake by 1 mM-L-glutamate: Table 9 ), but was not greatly affected by 1 mM-D-glutamate (i.e. uptake was stereospecific), -L-aspartate, -D-aspartate, -,J-hydroxybutyrate or -oxaloacetate, although 1 mM-2-oxoglutarate consistently inhibited uptake by -33 %. The pattern of inhibition of glutamate uptake in NaCI medium (with liver membrane vesicles isolated from dexamethasone-treated or diabetic rats) differed from that in choline chloride medium (Table 9) , as it reflected inhibition of both Na+-dependent and Na+-independent glutamate uptake. Thus 1 mM-L-glutamate inhibited 0.05 mmglutamate tracer uptake by 74% and, although D-glutamate had no significant effect, both L-and D-aspartate inhibited glutamate tracer uptake (by -60 and 54 % respectively). These results demonstrate that the Na+-dependent component of glutamate uptake in liver sinusoidal membranes is stereospecific and (unlike Na+-independent uptake) is strongly inhibited by L-and D-aspartate.
DISCUSSION
The present results show that 60 h starvation induces systems A and N in rat liver sinusoidal membranes. Pardridge (1977) has reported an increased hepatic capacity for glutamine extraction in vivo for rats starved for 48 h, but Hayes & McGivan (1982) could find no increase in glutamine uptake via system N in hepatocytes isolated from 48 h-starved rats. This apparent conffict is explicable if system A is induced before system N and significant increases in system N activity occur only when starvation exceeds 48 h.
Blood and intracellular amino acid pools were not significantly decreased by starvation, so it seems unlikely that amino acid deprivation itself caused induction of liver glutamine transport in vivo, in contrast with the behaviour of cultured hepatocytes (Handlogten et al., 1982) . Transporter induction is more likely to be due to the action of counter-regulatory hormones such as glucagon and glucocorticoids, whose concentrations are known to rise during starvation (Gebhardt & Kleemann, 1987; Martin, 1987; . The effects of glucagon on membrane transport may be short-term (protein-synthesis-independent; Moule et al., 1987) or long-term (protein-synthesisdependent; Edmondson & Lumeng, 1980) , but the effects of corticosteroid are likely to occur largely over a longer term as the result of increases in net synthesis of transport proteins (see below). Induction of system N transporters during prolonged starvation is likely to be important for maintenance of the intrahepatic glutamine cycle (Haussinger, 1990) under conditions in which both glutamine utilization and glutamine synthesis may be increased (Sies & Haussinger, 1984) . Furthermore, starvation is associated with a depolarization of the hepatocyte membrane (Fitz & Scharschmidt, 1987) and, since Na+-dependent glutamine transport is voltage-regulated (Jacob et al., 1986) , the driving force for hepatic glutamine uptake could be lessened. Such a decrease could be counterbalanced by an increase in the Vmk. for glutamine transport, as is seen in the liver of starved rats.
Treatment of rats with dexamethasone increased the capacity of Na+-dependent glutamine transport via systems A and N without significant effects on the Na+-independent component of L-glutamine uptake. Dexamethasone is thought to cause an increase in the net synthesis of transporters, because its induction of system N was prevented by cycloheximide (Gebhardt & Kleemann, 1987 ). An alternative possibility is that the transporter occurs in the membrane in an inactive form, with the stimulus of dexamethasone causing activation of the transporter via synthesis of a derepressor protein (e.g. Handlogten & Kilberg, 1984) .
The Km for Na+-dependent glutamate uptake in sinusoidal membrane vesicles from control, diabetic and dexamethasonetreated rats (-0.24 mM) was of the same order as those reported by Taylor & Rennie (1987) in perfused rat liver and by in cultured hepatocytes. Na+-dependent glutamate uptake was stereospecific (the D-isomer had negligible inhibitory effect), whereas both L-and D-aspartate inhibited L-glutamate uptake to a similar extent. These features are characteristic of the Na+-dependent glutamate transport system X-,g, which has previously been identified in perfused-liver studies (Taylor & Rennie, 1987) . This transporter appears to be expressed largely in perivenous cells of rat liver (Taylor & Rennie, 1987; Burger et al., 1989 ).
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There was a significant increase in the intracellular concentration ofglutamate in dexamethasone-treated rat livers which may reflect their increased capacity for Na+-dependent glutamate transport. also observed that dexamethasone treatment induced Na+-dependent glutamate uptake in perivenous (glutamine-synthesizing) hepatocytes and suggested that transporter induction was linked to an increased demand for glutamate by glutamine synthetase.
In streptozotocin-diabetic rat liver there was no significant increase in the amount of L-glutamine transport via system N, but there was increased transport via system A, which corroborates the results of a previous study (Jacob et al., 1986 ) using plasma-membrane vesicles isolated from alloxan-diabetic rats. It should be stressed that, despite the 3-fold increase in the Vm'ax for system-A glutamine uptake, most of the L-glutamine uptake at prevailing blood glutamine concentrations (0.5-1 mM) should still be via system N in the diabetic state. Burger et al. (1989) showed that in cultured hepatocytes (periportal or perivenous) the stimulation of glutamine transport by dexamethasone required insulin, which may explain the lack of any significant stimulation of hepatic system N in diabetic rats from our study. Handlogten et al. (1982) , however, found that both systems A and N were induced in hepatocytes cultured from streptozotocindiabetic rats, although this may reflect differential activation of glutamine transport at basolateral and apical surfaces of the liver cell.
In contrast with the effect on glutamine transport, streptozotocin-diabetes causes a marked increase in the Na+-dependent component of L-glutamate transport in sinusoidal (but not bilecanalicular) membrane vesicles from rat liver, with no significant change in the magnitude of the Na+-independent component. The increase in Na+-dependent glutamate transport appears to be largely due to a Vm.. effect, indicative of an increase in the effective number of transporters in the membranes. An increased capacity for hepatic glutamate uptake may be adaptive to the diabetic rat, because it could increase the provision of glutamate for glutamine synthesis in perivenous cells, which would help to promote renal H+ excretion during ketoacidosis (Haussinger, 1986; . We observed an increase in the intracellular concentration of glutamate in diabetic-rat livers, which could have resulted from the increased Na+-dependent transport of glutamate in liver sinusoidal membranes. The saturable component of Na+-independent glutamate uptake may reflect activity of a dicarboxylate exchange mechanism (Stoll & Haiussinger, 1989) , because 2-oxoglutarate was a relatively strong inhibitor of glutamate uptake in choline chloride medium. Our results indicate that monocarboxylates such as ,6-hydroxybutyrate (the plasma concentration of which is elevated during starvation and diabetes) do not interact directly with liver glutamate transport.
We have demonstrated that the activity of glutamine and glutamate transporters in liver sinusoidal membranes is influenced by a variety of factors in vivo, which is consistent with the idea that modulation of trans-membrane flux of amino acids could contribute to control of nitrogen flux within the liver. It is important to note that in vivo the significance of any regulatory role would be affected by factors such as changes in plasma amino acid composition or Na+ electrochemical gradient across the sinusoidal membrane. There would be advantages to the animal if modulation of both membrane transport and intracellular enzyme activity were co-ordinated to control glutamate and glutamine metabolism in liver cells, and there is some evidence that this may occur, e.g. corticosteroid promotes simultaneous activation of glutamate transport and glutamine synthetase in cultured hepatocytes . Modulation of both the degree and the distribution of amino acid transporter expression within the liver may enhance the range of hepatic response to a variety of physiological and pathophysiological challenges to whole-body nitrogen metabolism.
